Observing changes in molecular structure requires atomic-scale Ångstrom and femtosecond spatio-temporal resolution. We use the Fourier transform (FT) variant of laser-induced electron diffraction (LIED), FT-LIED, to directly retrieve the molecular structure of H2O + with picometre and femtosecond resolution without a priori knowledge of the molecular structure nor the use of retrieval algorithms or ab initio calculations. We identify a symmetrically stretched H2O + field-dressed structure that is most likely in the ground electronic state. We subsequently study the nuclear response of an isolated water molecule to an external laser field at four different field strengths. We show that upon increasing the laser field strength from 2.5 to 3.8 V/Å, the O-H bond is further stretched and the molecule slightly bends. The observed ultrafast structural changes lead to an increase in the dipole moment of water and, in turn, a stronger dipole interaction between the nuclear framework of the molecule and the intense laser field. Our results provide important insights into the coupling of the nuclear framework to a laser field as the molecular geometry of H2O + is altered in the presence of an external field.
each water molecule, in the absence of an external field, experiences a local electric field of 2 V/Å from nearby water monomers in liquid water. 6 Exactly how structural deformation of water molecules arises was found to strongly depend on the orientation of the molecule's dipole moment relative to the electric field vector of the external field with field strengths of between 0.5 -2.5 V/Å: 5 if the dipole moment of the molecule is aligned with (against) the external electric field, then the molecule is stretched and bent (contracted and straightened) with increasing field strength. 5 Although experimental studies into the structural retrieval of H2O and its isotopologue D2O have been reported with femtosecond imaging techniques such as Coulomb explosion imaging, very intense femtosecond laser pulses (>5 x 10 15 Wcm -2 ; >19 V/Å) were used which led to significant structural deformation. 7, 8 Such ultraintense femtosecond laser pulses in fact generate highly-charged molecular water cations that undergo extremely fast nuclear motion due to the significant Coulomb repulsion that is present in the multiply-charged molecular cation (i.e. "Coloumb explosion"). Sanderson et al. (1999) reported that exposing gas-phase water molecules to an ultraintense (>10 16 Wcm -2 ), 50 fs (FWHM) 0.79 µm laser pulse led to the detection of significantly straightened (FHOH = 130-180°) multiply charged H2O 3+ and H2O 4+ ions. Légaré et al. (2005) retrieved a D2O 4+ structure that is symmetrically stretched (ROD = 1.24 Å) and straightened (FDOD = 117°) in the presence of an ultraintense (5 x 10 15 Wcm -2 ), 8 fs (FWHM) 0.8 µm laser pulse. Structural information was, in the case discussed so far, only indirectly obtained. In this contribution, we obtain direct structural information utilizing laser-induced electron diffraction (LIED). [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] In LIED, an electron wave packet (EWP) is: (i) ejected from the target system (e.g. an isolated H2O molecule) by strong-field tunnel ionization; (ii) accelerated and returned by the oscillating laser field; and (iii) scattered against the atomic cores of the target ion. Structural information is embedded onto the momentum distribution of the detected scattered electrons. Thus, using the target's own EWP as a structural probe permits a snapshot of the isolated target's structure to be captured with femtosecond and sub-Ångstrom spatiotemporal resolution. Analogous non-laser-induced electron diffraction methods to LIED, such as ultrafast electron diffraction 20, 21 , can also capture structural information with Ångstrom spatial resolution 22, 23 , although they are typically limited to a temporal resolution of several hundreds of femtoseconds.
Here, we investigate the nuclear response of an isolated neutral water molecule exposed to an external laser field of field strengths that are typically experienced in liquid water under natural conditions. Specifically, we use intense (>10 13 Wcm -2 ), 97 fs (FWHM) 3.2 µm laser pulses with field strengths of 2.5 -3.8 V/Å to study field-dependent changes in the molecular structure which are spatially resolved on the atomic (i.e. Ångstrom; 1 Å = 10 -10 m) scale. We use LIED to directly retrieve structural information of an isolated H2O + cation with picometre (pm; 1 pm = 10 -12 m) and femtosecond spatio-temporal resolution. We directly retrieve a symmetrically stretched and slightly straightened H2O + structure which is indicative of a H2O + structure in the ground electronic state. Our measurements also reveal that increasing the laser field strength from 2.5 V/Å to 3.8 V/Å in fact leads to an observed increase in the O-H (H-H) internuclear distance of 14% to 35% (17% to 35%) relative to the equilibrium field-free H2O + ground state structure.
This paper is organized as follows: a brief overview of the experimental setup and the theoretical methods employed in this work is given in Section II, with the results presented in Section III followed by a summary of the experimental and theoretical results in Section IV.
II -Methodologies

IIa -Experimental
Our experimental set-up has been previously described in detail elsewhere with only a brief summary provided here. 24 Helium gas (~300 mbar) was passed through a temperature-controlled reservoir setup containing pure deionized liquid water (~50 mL; Sigma Aldrich). The vaporized gas-phase water molecules picked up by the helium carrier gas were supersonically expanded into the jet chamber and passed through two skimmer stages. The collimated molecular beam of gas-phase water molecules was then intercepted with an orthogonally directed 3.2 µm linearly polarized laser pulse. The 3.2 µm laser pulse was obtained (pulse duration of 97 fs (FWHM), and a pulse energy of 8.4 -15.6 J/pulse) from a home-built optical parametric chirped pulse amplifier (OPCPA) set-up with up to 21 W output power at a repetition rate of 160 kHz. 25, 26 The laser pulse was focused into the molecular beam using an on-axis paraboloid that is placed inside of the reaction microscope, and is focussed down to a focal spot of 6 -7 µm. In this paper, we performed measurements at four different peak pulse intensities of between 8.5 × 10 '( − 1.9 × 10 '+ Wcm 2 . We operated under the quasistatic ionization regime as given by the Keldysh parameter of ~ 0.2. 27 Rescattered electrons were generated in four separate FT-LIED measurements with a ponderomotive energy ( 1 ∝ 4 6 ; i.e. the average kinetic energy of a free electron in an oscillating electric field) of between 81 -185 eV, which corresponded to the maximum classical returning energy 8 9:; (= 3.17Up) of between 257 -586 eV, and the maximum backscattered energy 8<=> 9:; (= 10Up) of 810 -1,850 eV. Using homogenous electric and magnetic fields, the resulting electrons and ions were extracted out of the interaction region and projected towards two separate delay-line anode detectors. The full three-dimensional momentum distribution of electrons and ions was simultaneously detected in coincidence with full 4p detection using a reaction microscope (ReMi), enabling the isolation of the reaction path of interest. 28
IIb -Theoretical
The field-free potential energy surface (PES) for the 2 B1 electronic ground state of H2O + was obtained with the complete active space self consistent field method (CASSCF) and the aug-cc-PVTZ basis set. [29] [30] [31] All calculations were completed using the DALTON2018.0 program suite. 32 A C2v symmetry was employed for all calculations. The molecule was oriented to lie in the yz-plane with the z-axis coinciding with the C2 rotation-axis. An active space of 7 electrons in 8 orbitals was selected for H2O + . A (4,2,2,0) partitioning of the active space was used with the four numbers corresponding to the active orbitals in the respective representations of the C2v group (A1, B1, B2, A2). The PES is spanned by two internal coordinates: (i) the H-O-H angle was varied from 180° to 55° in steps of 1°; and (ii) the O-H bond length was varied from 0.60 Å to 2.25 Å in steps of 0.05 Å. A symmetric O-H stretch was assumed. Permanent dipole moments (μx, μy, μz) were calculated for all points of the PES using the response theory approach as implemented in DALTON. 33 Results for selected geometries obtained at different field strengths between 2.5 -3.8 V/Å are given in Table 2 .
III -Results
FT-LIED analysis. The structural retrieval procedure is described here using exemplary LIED data recorded at a field strength of 3.4 V/Å (Up = 150 eV, I0 = 1.6 x 10 14 Wcm -2 ). We employ the Fourier transform (FT) variant of LIED, called FT-LIED, 15 to directly retrieve structural information without a priori knowledge of the molecular structure nor the use of retrieval algorithms or ab initio calculations. In FT-LIED, similar to the previously reported fixed-angle broadband laser-driven electron scattering (FABLES), 34 only the backrescattered highly-energetic LIED electrons are considered since the Fourier transform of the molecular interference signal embedded within their momentum distribution in the far-field directly provides an image of the molecular structure. Fig. 1 shows the two-dimensional momentum distribution of longitudinal (Pl; parallel to the laser polarization) and transverse (Pt; perpendicular to the laser polarization) momenta for all electrons. We detect "direct" electrons, which escaped the laser field without recollision, and "rescattered" electrons, which were accelerated and returned by the laser field with recollision. For direct (rescattered) electrons, the detected maximal classical rescattering energy is 2Up (10Up), with the direct (rescattered) electrons dominating below (above) 2Up. To operate in the rescattering frame, the vector potential kick, Ar, that rescattered electrons experience in the presence of the strong mid-infrared laser field, is subtracted from the detected rescattered momentum, kresc, to obtain the returning momentum, kr, at the instance of rescattering. Since we implement the FT-LIED method, we only analyse electrons with kr ³ 2.4 a.u. (i.e. Pl ³ 4.7 a.u.) and a rescattering angle, qr, of 170 -190° (i.e. rescattering cone of Dqr = 10° around the back-rescattering angle of qr = 180°). Specifically, we extract an energydependent interference signal by integrating an area indicated by a block arc in momentum space, as shown in Fig. 1 , at various different vector potential kicks (see white, yellow and green arrows along Pt = 0 in Fig. 1 ). Fig. 1 in fact corresponds to electrons generated not only from our ion of interest, H2O + , but also other, background ions. To avoid contamination of our interference signal from these background ions belonging to other competing processes, such as multi-photon ionization and Coulomb explosion processes, we implement electron-ion coincidence detection to isolate the LIED interference signal from only the H2O + ion of interest. Fig. 2a shows the ion time-of-flight (ToF) spectrum of all the positively charged fragments detected in coincidence with their corresponding electron(s), with the dominant ToF peak at around 5.5 µs belonging to the molecular ion, H2O + . ). The return momentum, kr, at the instance of rescattering is obtained by subtracting the vector potential, Ar, from the detected rescattering momentum, kresc, given by kr = kresc -Ar. The energy-dependent interference signal is extracted at various different vector potential kicks (see white, yellow and green arrows along Pt = 0) by integrating the area indicated by a block arc. A schematic is drawn at the top of the figure relating kresc (black arrow), kr (blue arrows), Ar (red arrow), and the integrated area indicated by the grey shaded block arc corresponding to a small range of rescattering angles and momenta, Dq and Dk, respectively. We use Dqr and Dkr values of 10° and 0.2 a.u., respectively. The dotted black lines represent the detection acceptance angle of the reaction microscope. 28 The ToF range corresponding to H2O + ions is indicated by the blue shaded region shown in the inset of Fig. 2a . The total electron signal for (i) all electrons (blue dotted trace) and (ii) those electrons detected in coincidence with H2O + (black solid trace) is shown in Fig. 2b . In both distributions, the 2Up and 10Up classical cut-offs are clearly visible (green arrows). Moreover, the inset in panel (b) highlights the advantage of coincidence detection, with the modulated interference signal appearing more pronounced in the H2O + coincidence distribution than that of all electrons. Molecular structure retrieval. Considering electrons detected in coincidence with H2O + , we generate a plot of electron counts as a function of return kinetic energy in the range of 80 -460 eV corresponding to the rescattering plateau of 2 1 -10 1 range, as shown in Fig. 3a . Such a plot is generated by integrating the grey block arc area as shown in Fig. 1 at different rescattering momenta, kresc. We directly retrieve structural information from the modulated H2O + electron signal in the rescattering regime. Here, the measured total interference signal (IT; blue solid trace) from the backrescattered LIED electrons is plotted, which in fact contains contributions from both the coherent molecular interference signal (IM) and the incoherent atomic signal (IA). Here, IA is the incoherent sum of scattering the atoms, whilst IM is the coherent interference of scattering from the atoms. In fact, IA is independent of molecular structure, and can be empirically extracted by fitting a third-order polynomial function (black dotted trace) to the total interference signal. Subtracting IA from IT gives our interference signal of interest, IM, which is sensitive to the molecular structure. To highlight changes in IT as a result of IM, the molecular contrast factor (MCF) is calculated as given by
Electron-ion 3D coincidence detection. The interference signal extracted from
and is plotted in Fig. 3b as a function of momentum transfer, = 2 • 8 . The observed oscillations in the MCF (blue solid trace) provide a unique, sensitive signature of the molecular structure, with the shaded regions representing the estimated statistical error of the measurement. Fast Fourier transform (FFT) of the molecular interference signal embedded within the MCF generates an FFT spectrum, as shown in Fig. 3c . Before transforming, a Kaiser window and zero padding are applied. 35, 36 In panel (c), the FFT spectrum (blue solid trace), individual Gaussian fits (black dotted traces) and the sum of the two Gaussian fits (black solid trace) are presented. The centre position of the individual Gaussian fits to the two FFT peaks appear at 1.24 ± 0.08 Å and 2.04 ± 0.08 Å, with the features above 3 Å arising from noise. Table 1 shows the O-H and H-H internuclear distances reported for field-free H2O in its ground electronic state and field-free H2O + in the ground and first two excited electronic states. Comparing our FFT spectrum shown in Fig. 3c to the data in Table 1 , it is clear that the first FFT peak at 1.24 ± 0.08 Å corresponds to the O-H internuclear distance (H2O(X L ): 0.96 Å; H2O + (X L ): 1.00 Å), whilst the second FFT peak measured at 2.04 ± 0.08 Å corresponds to a significantly stretched H-H internuclear distance (H2O(X L ): 1.52 Å; H2O + (X L ): 1.63 Å). [37] [38] [39] The FT-LIED measured internuclear distances give an H-O-H bond angle of FHOH = 111 ± 7° which is in closer agreement with the ground state structure of H2O + (FHOH = 109°) than with neutral H2O (FHOH = 105°). [37] [38] [39] The excited electronic states of neutral H2O are dissociative, and thus on the 7 -9 fs timescale of the returning LIED electron, the molecular system will have stretched significantly (i.e. the ROH would be significantly greater than the 1-2 Å distance that we measure). 40, 41 The second and third electronic excited state of the H2O + cation are also dissociative. 42 Moreover, the equilibrium geometric structure of H2O + in its first excited electronic state, particularly the FHOH angle, is significantly different to the H2O + ground state equilibrium structure, as shown in Table 1 . The ionization potential (Ip) of the highest occupied molecular orbital (HOMO; Ip = 12.6 eV) in neutral H2O is around 2 eV lower than that of the HOMO-1 (Ip = 14.7 eV), and thus ionization from the HOMO would be expected to dominate. 43, 44 On the other hand, several experimental and theoretical investigations have shown that the HOMO-1 in fact plays an appreciable role during the strong-field ionization of neutral H2O, and should be considered (HOMO-2 contribution was found to be negligible). [44] [45] [46] At around t = 7 -8 fs (i.e. 7 -8 fs after the ion was generated), Rao et al. (2015) report structures with a FHOH of around 111° (168°) for H2O + in the X L 6 B ' (A L 6 A ' ) electronic state. Since the return time of the LIED electron wave packet from the moment of ionization to the moment of rescattering is roughly 7 -9 fs, the FT-LIED structure that we report (FHOH = 111 ± 7°) seems to best agree with the H2O + structure in the X L 6 B ' ground electronic state at roughly the same timescale reported by Rao et al. (2015) . 37, 38 The same geometric parameters for field-free H2O + cation in the ground and first excited electronic states are also presented. 39 Structure dependence on field strength. We investigate the effect of fielddressing the molecule and the response of the nuclear framework to the strong laser field. Using the same analysis procedure as described above, the geometric parameters of H2O + at three other laser field strengths of 2.5, 3.1, 3.8 V/Å are extracted, the results of which are presented in Fig. 4 . The directly retrieved O-H (blue data) and H-H (red data) internuclear distances are shown in Fig. 4a with the corresponding H-O-H angle (black data) shown in Fig. 4b for four laser field strengths. The extracted geometrical parameters at 2.5, 3.1 and 3.8 V/Å further support our earlier assignment of the measured FT-LIED structure at 3.4 V/Å to H2O + in the ground electronic state. Moreover, at these four laser field strengths, the O-H and H-H internuclear distances both increase with increasing field strength. In fact, increasing the laser field strength from 2.5 V/Å to 3.8 V/Å leads to an observed increase in the O-H (H-H) internuclear distance of 14% to 35% (17% to 35%) relative to the equilibrium field-free H2O + ground state structure. A line of best fit using the least squares method is also applied to the respective data (dash-dot traces), where a linear increase in the O-H and H-H internuclear distances is accompanied by a slight decrease in the H-O-H angle as a function of increasing field strength. An illustration of the geometries directly retrieved at these four field strengths is presented in Fig. 4c .
Mechanism of O-H bond length stretch.
The mechanism that leads to the distortion of the nuclear framework in field-dressed H2O is explained as follows.
The optical period of our 3.2 µm laser (10.7 fs) is long enough to enable an appreciable dipole interaction of the molecule with the electric field corresponding to the laser field. Field-dressing the molecule leads to the lowering of the potential energy by µ*E in first-order approximation and a more energetically stable structure with a stretched O-H bond length through a process referred to as "bond softening". [47] [48] [49] [50] [51] The larger ROH leads to an increase in the dipole moment, µ, of water, which is given by ⃗ = ∑ X ⃗ X X where ⃗ is the molecular dipole moment vector consisting of the charge X at the position ⃗ X for the [\ atom. 52 Thus, increasing the field strength of the laser field leads to a further stretching of the O-H bond length, which in turn increases the dipole moment of water and a stronger dipole interaction with the laser field. Field-dressing the molecule also reduces the bond angle which has a lower potential energy, leading to an increased dipole moment which points along the C2 principal symmetry axis between the hydrogen atoms. Thus, the increase in the H-H internuclear distance, RHH, is a consequence of the stretched O-H bond and slightly more bent H-O-H angle with increasing field strength. We calculate the dipole moment of water for the four FT-LIED measured H2O + structures, the results of which are shown in Table 2 . We calculate that upon increasing the field strength from 2.5 to 3.8 V/Å, an increase in the dipole moment of 8% to 33% is observed as compared to the equilibrium field-free H2O + in its ground electronic state (2.37 D). 53, 54 These increases in the calculated dipole moment of H2O + coincide with an increase in the measured O-H internuclear distance of 14% and 35%. Shi et al. (2011) theoretically demonstrated that the molecule stretches and bends with increasing field strength when the molecule's dipole moment is aligned with the external field, further supporting our observed FT-LIED structural changes in water for field strengths of 2.5 -3.8 V/Å. This is due to all electronic states (of the neutral and cation) being Stark-shifted in the presence of an external laser field, and leading to an altered ionization potential of water depending on whether the molecule's dipole moment is aligned parallel or anti-parallel to the electric field. In the case of parallel (anti-parallel) alignment, the ionization potential is lowered (increased) making it easier (more difficult) to ionize the water molecule. 
IV -Summary and conclusions
In summary, we use FT-LIED to directly retrieve the geometric structure of H2O + without a priori knowledge of the molecular structure nor the use of retrieval algorithms or ab initio calculations. We resolve a symmetrically stretched fielddressed H2O + structure with picometre and femtosecond resolution using LIED that agrees best with a H2O + structure in the ground electronic state. We use strong optical fields to additionally investigate the response of isolated water molecules to external fields at four field strengths between 2.5 -3.8 V/Å. We observe that increasing the laser field intensity leads to an increase in the O-H bond length and a slight decrease in the H-O-H angle. These ultrafast structural changes lead to a larger dipole moment of water and a stronger coupling of the nuclear framework to the laser field.
Our results give insights into the nuclear response of an isolated water molecule that may illuminate the influence of strong optical fields on larger aggregates of water molecules, such as in the photochemistry of clusters and cells, where water plays an important role as a solvent or metabolite. In future work, the response of (water) clusters to external fields can be studied using LIED with the possibility of directly extracting inter-and intramolecular bond distances within a system of clusters.
